Citrus species contain toxic furanocoumarins, terpenoids and so on. Unlike other spider mites that cannot develop on citrus plants, Panonychus citri is able to flourish on these plants, and on other nontoxic hosts such as Japanese pear. We hypothesized that P. citri adapted to citrus plants by evolving a detoxification system against the allelochemicals contained in citrus leaves. Here, we examined the efficacy of the detoxification system in relationship to P. citri survival on citrus plants using piperonyl butoxide, a well-known inhibitor of cytochrome P450s. The addition of critical concentrations of piperonyl butoxide had a lethal effect on P. citri larvae and adults reared on citrus plants, but did not affect larvae or adults reared on Japanese pear. This implies that P. citri adapted to citrus plants by evolving detoxification systems composed of cytochrome P450s and/or other detoxifying enzymes.
INTRODUCTION
Panonychus citri (McGregor) (Acari: Tetranychidae) is able to thrive on citrus leaves, whereas other Panonychus species, such as P. mori Yokoyama and P. ulmi Koch, cannot develop (Osakabe, 1987; Gotoh and Noguchi, 1990; Osakabe et al., 1990; Gotoh and Higo, 1997) , except for partial development in P. osmanthi Ehara and Gotoh (Osakabe and Komazaki, 1996, 1997) . In contrast, most Panonychus species develop and reproduce well on leaves of Japanese pear (Pyrus serotina Rehder var. culta Rehder) and peach [Prunus persica (L.) Batsch] (Osakabe, 1987; Gotoh and Noguchi, 1990; Gotoh and Higo, 1997) .
Plants in the Rutaceae family, including Citrus species, and in the Apiaceae family contain toxic furanocoumarins (Berenbaum et al., 1996; Berenbaum, 2002) . Butterflies of the genus Papilio, which specialize on Rutaceae and Apiaceae species, have high levels of cytochrome P450-mediated metabolism against xanthotoxin, but this metabolism is not detectable in Papilio species that specialize on plants in the Lauraceae family, which lack furanocoumarins (Berenbaum, 2002) . The leaves of Citrus species also contain various terpenoids (Kobayashi, 1987) , some of which induce detoxifying enzymes in insects (Yu, 1982; Yu and Ing, 1984) .
Spider mites are tiny herbivores that have restricted dispersal ability. These mites penetrate the leaves of host plants using their stylets, and suck out the cellular contents. The feeding behavior and limited dispersal of mites suggest that the defensive components of host plants have a substantial effect on the adaptation of the mites to the host, and the occurrence of major co-evolution (Agrawal et al., 2002; Balkema-Boomstra et al., 2003) . The activity of a detoxifying enzyme produced by a polyphagous spider mite, Tetranychus urticae Koch (Acari: Tetranychidae), was found to vary among different host plants (Mullin and Croft, 1983) . Agrawal et al. (2002) showed the phenotypic cost and short-term fitness benefit associated with acclimation from a bean plant (a suitable host) to a tomato plant (an unsuitable host) in T. urticae, and also determined that the induction of cytochrome P450 was important for successful acclimation to the tomato host.
We hypothesized that P. citri adapted to citrus plants by evolving detoxification systems with cytochrome P450s against the allelochemicals contained in citrus leaves. In this study, we examined the efficacy of detoxification in relationship to the survival of P. citri on citrus plants using piperonyl butoxide (PBO), a well-known inhibitor of cytochrome P450s (Mullin et al., 1984; Stickler and Croft, 1985) .
MATERIALS AND METHODS
Mites and test leaves. Panonychus citri was collected from Satsuma mandarin (Citrus unshiu Marcov.) in Akitsu, Hiroshima, Japan (34°20ЈN, 132°49ЈE) in April 2003 and reared on sour orange and Japanese pear leaves. Panonychus mori was collected from peach trees in Sanyo, Okayama, Japan (34°5ЈN, 134°1ЈE) in July 2004 and reared on Japanese pear leaves. These mites were maintained in a laboratory at 25°C (16L-8D), and all the experiments described below were performed in the same laboratory. Prior to Ehara and Gotoh (1992) , P. mori was thought to be the diapausing strain of P. citri because the two strains are closely related (Ehara, 1999) . P. mori lays diapause eggs on the branches of host plants, whereas P. citri never undergoes diapause.
We used leaf squares from sour orange (Citrus aurantium L.) and Japanese pear for rearing the stock culture and performing the experiments. All leaf squares were set on wet cotton wool in Petri dishes (9 cm diameter). The wet cotton prevented mites from traveling between squares during an experiment. When mites were introduced onto unsuitable hosts, they frequently escaped from the leaf squares and died on the surrounding wet cotton. Escaped mites were recorded as dead.
Survival of juvenile P. citri and P. mori on sour orange and Japanese pear leaves. To prevent larvae from feeding before the bioassay, P. citri or P. mori eggs were hatched on plastic film (5ϫ5 cm) on wet cotton wool in a Petri dish. We introduced 6-12 larvae that were less than 24 h old onto each of two sour orange and two Japanese pear leaf squares (2ϫ2 cm) set on wet cotton in a new Petri dish. After five days, we evaluated the progression of larvae to quiescent larvae. This experiment was replicated five times for P. citri (nϭ54 for Japanese pear and 48 for sour orange) and eight times for P. mori (nϭ69 for Japanese pear and 68 for sour orange). The survival rates were arcsine transformed and analyzed using one-way analysis of variance (ANOVA), followed by the Tukey-Kramer.
Determination of critical PBO concentrations having no negative effect on larval and adult survival, and adult fecundity of P. citri on Japanese pear leaves. PBO was dissolved in solvent (1 : 1 acetone-water mixture). To test larval survival, we painted the upper surface of Japanese pear leaf squares (2ϫ2 cm) with the PBO solution (10 ml/cm 2 ) at various concentrations (200, 350, 500, 750, 1,000, and 2,000 ppm) using 10 ml glass capillaries. In total, 48 leaf squares (7-9 leaf squares for each concentration) were treated with the PBO solution ( Table 2) . Another twenty-two leaf squares were painted with the solvent without PBO as a control for the PBO treatment, and seventeen leaf squares were left untreated as a control for the solvent. These squares were set on wet cotton wool in twenty-two Petri dishes. Seventeen Petri dishes contained one solvent-treated, one untreated and two PBO-treated leaf squares. The remaining five Petri dishes contained one solventtreated and two or three PBO-treated leaf squares. From five to ten P. citri larvae prepared using the same procedure described above were transferred onto each of the leaf squares. After five days, we checked whether the larvae had developed to protochrysalises, which is the quiescent stage before molting to protonymphs.
To test adult survival and fecundity, fifteen Japanese pear leaf squares (2ϫ2 cm) were painted with the PBO solution (5 ml/cm 2 ) at three concentrations (200, 2,000, and 20,000 ppm), and another five leaf squares were painted with the solvent without PBO. From seven to nine female quiescent deutonymphs were transferred from the stock culture onto each square. The next day, we removed individuals that had not molted. After five days, we checked the survival and fecundity of the adult females.
The survival rate on each leaf square was computed and arcsine transformed prior to statistical analysis. Both the transformed survival rates and the fecundities among treatments were tested using one-way ANOVA. Multiple comparisons were performed using the Tukey-Kramer method.
Effect of PBO at the critical concentration on P. citri larval and adult survival on sour orange leaves. To test larval survival, two sour orange and two Japanese pear leaf squares (2ϫ2 cm) were prepared. One leaf square of each test plant was painted with the PBO solution at the critical concentration, which was determined in the dose-response experiment described above (i.e., 200 ppm, 2.05 mg PBO/cm 2 ). The other leaf square of each test plant was painted with the solvent without PBO. To test adult survival, two sour orange leaf squares (2ϫ2 cm) were prepared; one was painted with the PBO solution concentration at the critical concentration (2,000 ppm, 10.2 mg PBO/cm 2 ), and the other was painted with the solvent. The experimental procedure was the same as that in the doseresponse experiment, and the experiment was replicated eight times for larvae (nϭ77-79) and five times for adult females (nϭ25 for 2,000 ppm PBO, nϭ34 for solvent).
To compare treatment effects on adult survival between host plants, we used data for adult females from the dose-response experiment at 2,000 ppm PBO and the solvent because we used only sour orange to test adult survival in this experiment. The survival rates were arcsine transformed, and then one-way ANOVA, followed by the Tukey-Kramer method.
RESULTS AND DISCUSSION
Spider mites of the genus Panonychus are oligophagous, and Japanese pear is a favorable host common to P. citri, P. mori, and P. ulmi. In addition, P. citri adapted to citrus plants despite the phytochemical toxicity. We confirmed that P. citri could develop on sour orange plants, whereas a related species, P. mori, could not. Approximately 98% of P. citri larvae survived to the protochrysalis stage on both sour orange and Japanese pear leaves, and we found no difference between mite survival rates on each host plant (Table 1 ). In contrast, no P. mori larvae was alive after five days on citrus leaves, whereas 97.3% of the larvae survived on the Japanese pear leaves (Tukey-Kramer, pϽ 0.05; Table 1 ).
There was no significant difference between larval survival rates on Japanese pear leaf squares painted with solvent and on untreated leaf squares (Table 2) . Although the survival rate was Ͼ95% at 200 ppm PBO, it was 82% at 350 ppm, and Ͻ30% at 500-2,000 ppm (Table 2) . In adult females, PBO had no lethal effect up to 20,000 ppm (single-classification ANOVA: F 3,16 ϭ1.833, pϭ0.1818; Table  3 ). More than 90% of the females survived for five days in all of the treatments. The fecundity at 200 and 2,000 ppm was not significantly different from that on untreated leaves. However, the fecundity at 20,000 ppm was significantly lower (Tukey-Kramer method, pϽ0.05; Table 3) . From these results, we determined that the critical concentrations of PBO that did not affect P. citri larvae or adult females reared on Japanese pear leaves are 200 ppm for larvae and 2,000 ppm for adult females.
We did not observe any negative effects of PBO at the critical concentrations for both larval and adult survival of P. citri reared on Japanese pear leaves. We found that 97.4% of the larvae survived to the protochrysalis stage (Fig. 1A) and 95.1% of the adult females survived for five days (Fig. 1B) on treated Japanese pear leaves, which supported the conclusion that PBO at the critical concentrations per se would not inhibit the constitutive activity of P. citri. In contrast, 95.9% of the larvae survived to the protochrysalis stage on untreated citrus leaves, but only 10.4% survived on treated citrus leaves (Fig. 1A) . Similarly, 99.4% of the adult females survived on untreated citrus leaves, but none were alive after five days on treated citrus leaves (Fig. 1B) .
Consequently, the inhibition of detoxifying enzymes by critical concentrations of PBO did not affect the performance of P. citri on Japanese pear leaves, whereas it significantly reduced juvenile development and adult survival of P. citri reared on sour orange leaves. This suggests that a portion of the detoxification systems inhibited by critical concentrations of PBO is vital for P. citri larval development and adult survival on sour orange plants.
The genus Papilo, which specialized on Rutaceae and Apiaceae, has the cytochrome P450s, CYP6B1 and CYP6B3, for metabolizing furanocoumarins (Ma et al., 1994; Hung et al., 1995) . One simplistic interpretation of the difference in the adaptation to hosts among Panonychus species is that P. citri has adapted to citrus by evolving a detoxification system to overcome the chemical defense system of citrus plants, which interrupts the growth of other spider mite species. Mullin et al. (1984) and Stickler and Croft (1985) showed that PBO inhibited the enzymatic activity of cytochrome P450 in Tetranychus urticae Koch. However, because we have no data on the particular detoxifying enzymes that are inhibited by PBO in P. citri, we cannot determine the mechanism underlying the effect of critical PBO concentrations on P. citri on sour orange plants. Nevertheless, our findings should contribute to the understanding of Acari host-adaptation physiology. Moreover, physiological studies of such counter adaptation mechanisms must supply useful information for the development of novel technologies for mite management, e.g., subsidiary application of inhibitors that prevent mites from detoxifying allelochemicals. Fig. 1 . Effects of critical concentrations of piperonyl butoxide (PBO) on the survival of larvae (A) and adult females (B) P. citri on Japanese pear and sour orange leaves. Different lowercase letters indicate significant differences in survival among treatments (Tukey-Kramer, pϽ0.05). 
